Land surface properties, such as vegetation cover and soil moisture, influence the partitioning of radiative energy between latent and sensible heat fluxes in daytime hours. During dry periods, soil-water deficit can limit evapotranspiration, leading to warmer and drier conditions in the lower atmosphere 1, 2 . Soil moisture can influence the development of convective storms through such modifications of low-level atmospheric temperature and humidity 1, 3 , which in turn feeds back on soil moisture. Yet there is considerable uncertainty in how soil moisture affects convective storms across the world, owing to a lack of observational evidence and uncertainty in large-scale models 4 . Here we present a global-scale observational analysis of the coupling between soil moisture and precipitation. We show that across all six continents studied, afternoon rain falls preferentially over soils that are relatively dry compared to the surrounding area. The signal emerges most clearly in the observations over semi-arid regions, where surface fluxes are sensitive to soil moisture, and convective events are frequent. Mechanistically, our results are consistent with enhanced afternoon moist convection driven by increased sensible heat flux over drier soils, and/or mesoscale variability in soil moisture. We find no evidence in our analysis of a positive feedback-that is, a preference for rain over wetter soils-at the spatial scale (50-100 kilometres) studied. In contrast, we find that a positive feedback of soil moisture on simulated precipitation does dominate in six state-of-the-art global weather and climate modelsa difference that may contribute to excessive simulated droughts in large-scale models.
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Soil moisture influences precipitation across a range of scales in time and space 5 . In drought-affected continental regions, weak evapotranspiration leads to reduced atmospheric moisture content over a period of days, potentially suppressing subsequent precipitation 6 . When soil moisture anomalies are extensive, surface-induced perturbations to the atmospheric heat budget may modify synoptic-scale circulations 2 , in turn affecting moisture advection from the oceans 7 . On smaller scales, the development of convective clouds and precipitation can be influenced by local surface fluxes over the course of the day 1, 3 . Theoretical considerations 8, 9 suggest that, in an undisturbed atmosphere, the likelihood and sign of a surface feedback will be determined by the atmospheric profiles of temperature and humidity. Thus, one might expect regional variations in the strength and sign of convective sensitivity to soil moisture 10, 11 . Mesoscale variability in soil moisture can also influence the feedback through the development of daytime circulations 12 , which provide additional convergence to trigger convection 13, 14 . Several studies have examined the impact of the land surface on observed rainfall in different regions of the world. Analyses in Illinois 15 and West Africa 16 have indicated positive correlations between antecedent soil moisture and precipitation, consistent with a positive soil moisture feedback. A recent study 17 based on observationally constrained reanalysis data showed an increasing frequency of convective rainfall when evapotranspiration was higher across much of North America. On the other hand, examination of satellite cloud data has indicated locally enhanced afternoon precipitation frequency over surfaces with increased sensible heat fluxes, as a result of mesoscale circulations due either to soil moisture 18 or vegetation cover 19, 20 . At the regional scale, climate models tend to agree on where feedbacks occur, these being constrained largely by where soil moisture limits evapotranspiration in the presence of convective activity 4 . But the spread in simulated feedback strength is large, highlighting both the uncertainty in surface flux sensitivity to soil moisture and the response of the planetary boundary layer and convection to surface fluxes 21, 22 . Indeed, the feedback sign can change depending on model spatial resolution, with a strong influence of the convective parameterization likely to be responsible 23 .
Until recently, there has been a lack of observations with which to evaluate feedbacks in large-scale models. We address that problem here, and focus on the least well understood aspect of the feedback loop between soil moisture and precipitation, namely, the response of daytime moist convection to soil moisture anomalies. In the past decade, global observational data sets of both surface soil moisture 24, 25 and precipitation 26 have become available at a resolution of 0.25u 3 0.25u, on daily and 3-hourly time steps respectively. We use these to analyse the location of afternoon rain events relative to the underlying antecedent soil moisture. In particular we examine whether rain is more likely over soils that are wetter or drier than the surrounding area.We then apply the same methodology to six global models used in reanalyses or climate projections.
We focus on the development of precipitation events during the afternoon, when the sensitivity of convection to land conditions is expected to be maximized. An event is defined at a 0.25u 3 0.25u pixel location (L max ) with a maximum in afternoon rainfall, centred in a box measuring 1.25u 3 1.25u (see Methods Summary and Supplementary  Fig. 3 ). Each L max is paired with one or more pixels in the box where afternoon rainfall is at a minimum (L min ). We compute the difference in pre-rain-event soil moisture, DS e , between L max and L min having first subtracted a climatological mean soil moisture from both locations. We quantify the strength of the soil moisture effect on precipitation using a sample of events, and assess how unexpected the observed sample mean value of DS e is, relative to a control sample, DS c , from the same location pairs on non-event days. More precisely, we examine the difference in DS between the event and control samples, d e 5 mean(DS e ) 2 mean(DS c ), expressed as a percentile of typical d values (see Methods Summary). Mountainous and coastal areas are excluded because of their effects on mesoscale precipitation, and we are unable to analyse the observations in tropical forest regions, owing to the limitations of soil moisture retrievals beneath dense vegetation.
The map in Fig. 1 shows regions of the world where afternoon precipitation is observed more frequently than expected over wet (blue) or dry (red) soils, based on analysis of d e at a scale of 5u. Globally, 28.9% of the grid cells analysed have percentile values, P, less than 10, as compared to an expected frequency (assuming no feedback) of 10%, and just 3.4% with P . 90. Clusters of low percentiles are found in semi-arid and arid regions, most notably North Africa, but also in Eastern Australia, Central Asia and Southern Africa. These clusters indicate a clear preference for afternoon rain over drier soils in those regions, consistent with a previous study over the Western Sahel 18 . This signal is also evident when computing d e from all events across the world (Fig. 1 Information and Supplementary Tables 3 and 4) demonstrates that this signal is statistically significant at the 99% level over all continents and in all climate zones, with the exception of tropical forests, where accurate soil moisture retrievals are unavailable. We repeated the analysis after degrading the spatial resolution from 0.25u to 1.0u . This produced only about one-tenth of the number of events identified in the 0.25u data, but a statistically robust preference for rain over drier soil was still found across the tropics, and in particular over parts of North Africa and Australia (Supplementary Fig. 10 ; Supplementary  Tables 3, 4) .
insets). Further analysis (Supplementary
Using two alternative precipitation data sets, we found the same global preference for rain over drier soil, and similar regions contributing to that signal (Supplementary Fig. 8; Supplementary Tables 3, 4) . Although all of the satellite-derived data sets are subject to errors at the event scale, analysing the data over many events should yield more accurate estimates of d e . Furthermore, our approach exploits an aspect of rainfall that is relatively well captured by satellite, that is, its spatial structure. Additional analysis ( Supplementary Fig. 4 ) indicates a strong degree of mutual consistency in the spatial variability of soil moisture and rainfall in our independent data sets, providing further evidence to support our methodology.
We now consider whether the observed preference for rain over drier soil is consistent with land surface feedback. For a soil moisture feedback on precipitation, soil water deficit must limit evapotranspiration. This regime is found only in certain seasons and regions of the world 4 , where water stress coincides with convective activity. Low percentiles in Fig. 1 occur in areas that are relatively dry, and originate from seasons with convective storms (Supplementary Fig. 9 ). Using data from across the globe, the sensitivity of d e to the areal-mean (1.25u 3 1.25u) soil moisture is explored in Fig. 2a 
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as a proxy for surface flux variability should be most effective for dry and sparsely vegetated surfaces. A land feedback requires a strong diurnal sensitivity in the observed signal. We repeated our analysis, this time detecting the onset of precipitation at varying lag times after a soil moisture observation at 1:30 (all times are local time). The values of d e (Fig. 2b) exhibit a pronounced diurnal cycle, still evident 36 hours after the observation. The most negative values occur during daytime, in particular between 12:00 and 15:00. By contrast, between 21:00 and 3:00 the opposite signal emerges; that is, events are more likely to be found over wetter soils. The early afternoon minimum is consistent with a negative soil moisture feedback on convective initiation, when the effects of surface properties on the planetary boundary layer, convective instability and mesoscale flows are all maximized. Mechanisms to explain the reverse signal in the hours around midnight may be more subtle. The effects of thermals and daytime surface-induced flows are likely to be relatively short-lived after dusk. On the other hand, nocturnal humidity anomalies may persist for longer, depending on the spatial scale of the surface features and wind conditions. From detailed examination of individual events, it appears that, overnight, there is an increasing influence of pre-existing, fast-moving convective systems in our sample, particularly in the Sahel. Distinct mechanisms will be involved in the surface interaction with organized convective systems, which may favour a positive feedback 16 .
Finally, we repeat our analysis using 3-hourly diagnostics from six global models, ranging in horizontal resolution from 0.5 to 2.0u. Our results (Fig. 3) indicate a strong preference for rain over wet soils for large parts of the world, in contrast to the observations. Only one model (Fig. 3e) produces more than the expected 10% of grid cells with P , 10, largely due to contributions at mid-latitudes. The crossmodel signal favouring precipitation over wet soil, particularly across the tropics (Supplementary Table 3) , demonstrates a fundamental failing in the ability of convective parameterizations to represent land feedbacks on daytime precipitation. This is likely to be linked to the oft-reported phase lag in the diurnal cycle of precipitation; that is, simulated rainfall tends to start several hours too early 27 , and is possibly amplified by a lack of boundary-layer clouds in some models. This weakness has been related to the crude criteria used to trigger deep convection in large-scale models 28 . The onset of convective precipitation is overly sensitive to the daytime increase of moist convective instability, which is typically faster over wetter soils 3 , favouring a positive feedback. Early initiation limits the effect of other daytime processes on triggering convection in the models. In contrast, our observational analysis points to the importance of dry boundary-layer dynamics for this phenomenon over land.
The observed preference for afternoon rain over locally drier soil on scales of 50-100 km is consistent with a number of regional studies based on remotely sensed data [18] [19] [20] . Our failure to find areas of positive . Further details of the models are in Supplementary Information , with maps of the number of events in each model in Supplementary Fig. 11 .
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feedback may indicate the importance of surface-induced mesoscale flows in triggering convection 18 , although the coarse spatial resolution of our data sets prevents us from drawing firm conclusions on this issue. Equally, mixing processes in the growth stage of convective clouds before precipitation 23, 29 may play an important role. Neither of these processes is captured in existing one-dimensional analyses 8 . Furthermore, our results raise questions about the ability of models reliant on convective parameterizations to represent these processes adequately. Although the coarser-resolution models analysed here (HadGEM2, CNRM-CM5 and INMCM4) cannot resolve mesoscale soil moisture structures, nor their potential impacts on convective triggering 18 , all the models have a strong tendency towards rain over wetter soils, for which we find no observational support. Our study does not, however, imply that the soil moisture feedback is negative at temporal and spatial scales different from those analysed here. The multi-day accumulation of moisture in the lower atmosphere from a freely transpiring land surface may provide more favourable initial (dawn) conditions for daytime convection than the equivalent accumulation over a drought-affected region. Equally, the large-scale dynamical response to soil moisture may dominate in some regions. However, the erroneous sensitivity of convection schemes demonstrated here is likely to contribute to a tendency for large-scale models to 'lock-in' dry conditions, extending droughts unrealistically, and potentially exaggerating the role of soil moisture feedbacks in the climate system 30 .
METHODS SUMMARY
Surface soil moisture retrievals are used between 60u S and 60u N from the Advanced Microwave Scanning Radiometer for EOS (AMSR-E; June 2002 to October 2011) 24 , and the MetOP Advanced Scatterometer (ASCAT; 2007-11) 25 . They have typically one overpass per pixel per day at either 1:30 or 13:30 (AMSR-E), and 9:30 or 21:30 (ASCAT). Additional soil moisture quality control procedures are described in Supplementary Information. The CMORPH 26 3-hourly precipitation data set is based on data from a combination of satellites.
Locations of afternoon events, L max , are defined within a box measuring 5 3 5 pixels by the maximum accumulated precipitation (12:00-21:00) that exceeds 3 mm. We exclude pixels with more than 1 mm rain in the preceding hours, and apply an additional filter to remove cases close to active precipitation when using soil moisture data for 13:30. These steps ensure that the soil moisture measurement precedes the rainfall. Locations where topographic height variability exceeds 300 m are excluded, along with regions containing water bodies or strong climatological soil moisture gradients.
The control sample, DS c , is constructed from daily soil moisture differences between locations L max and L min , using data for the same calendar month but from non-event years. This quantifies typical (non-event) soil moisture differences between the locations. Each value in samples DS e and DS c has an individual climatological mean DS subtracted, which is calculated from DS values in the same calendar month in non-event years. For the models, soil moisture and rainfall accumulations are available every 3 h (universal time). Because of the models' lower spatial resolution (0.5-2.0u), the event box is reduced to 3 3 3 pixels and the local time window between 6:00 and 8:59 adopted to calculate DS. Convective rain is accumulated in the subsequent 9 h, several hours in the day earlier, to account for diurnal phase bias in model precipitation.
